Abstract The structural flexibility of RNA and its ability to store genetic information has led scientists to postulate that RNA could be the key molecule for the development of life on Earth, further leading to formulate the RNA world hypothesis that received a lot of success and acceptance after the discoveries of the last thirty-five years. Despite its highly structural and functional significance, the difficulty in synthesizing the four nucleobases that form the RNA polymer from the same primordial soup, its low stability, and limited catalytic repertoire, make the RNA world hypothesis less convincing even though it remains the best explanation for the origin of life. An increasing number of scientists are becoming more supportive of a more realistic approach explaining the appearance of life. In this review, I propose an enhanced explanation for the appearance of life supported by recent discoveries and theories. Accordingly, amino acids and peptides associated with RNA (e.g., ribonucleopeptides) might have existed at the onset of RNA and might have played an important role in the continuous development of self-sustaining biological systems. Therefore, in this review, I cover the most recent and relevant scientific investigations that propose a better understanding of the ribonucleopeptide world hypothesis and the appearance of life. Finally, I propose two hypotheses for a primitive translation machinery (PTM) that might have been formed of either a T box ribozyme or a ribopolymerase.
The RNA World
Ribonucleic acid (RNA) forms a class of macromolecules found in every living cell. For many years, RNA was considered to be simply a 'messenger', carrying genetic information from deoxyribonucleic acid (DNA) to the cell's protein-manufacturing machinery. This consideration was accompanied by the idea that control of physiological and metabolic functions of the cell belonged to proteins that were thought to be the only modulators of gene expression.
One hypothesis for the origin of life postulates that RNA could be the key molecule that led to the development of life on Earth since it is the only molecule that is capable of storing genetic information and performing catalytic functions (Alberts et al., 2002) . One of these functions is self-replication, a function that DNA and protein molecules are unable to accomplish (Wochner et al., 2011; Robertson & Joyce, 2014) . In this RNA-based hypothesis for the origin of life, it is proposed that RNA was the only molecule capable of functioning as a self-replicating enzyme, which led to the appearance of numerous RNA molecules with different enzymatic activities. Therefore, this hypothesis known as the "RNA world hypothesis" arose from the speculation that RNA might have supported Darwinian evolution before DNA and without the assistance of other active biomolecules and polymers such as amino acids, peptides and proteins (Gesteland et al., 2006) .
In the following paragraph, I will discuss the abiotic (nonenzymatic) and biotic (enzymatic) synthesis of nucleotides and oligonucleotides, and the transition between the two modes of synthesis. I will also discuss the abiotic synthesis of amino acids and peptides, and how a product from the biotic synthesis and replication of oligonucleotides would become the first platform (primitive translation machinery (PTM)) for the biotic synthesis of the first polypeptide, predating the appearance of a genetic code. Throughout the discussion, I propose a co-evolution hypothesis of RNA and peptides at the onset of life where both polymers would have formed "ribonucleopeptide (RNPep) molecules" that contributed to their mutual evolution and to the development of selfsustaining biological systems. regiospecific production of 3', 5'-linked oligonucleotides using nucleoside 5'-phosphorimidazolides or other activated nucleotides. Solving the first problem was fundamental, because it reinforces the hypotheses supporting the non-enzymatic polymerization of activated ribonucleotides. To obtain purine nucleosides, purine bases are heated with ribose in dehydrating conditions and in the presence of magnesium (Mg 2þ ) and inorganic polyphosphates. The synthesis of purine nucleosides from an abiotic mixture was successful, but resulted in a low yield of nucleosides (b-inosine, b-adenosine and bguanosine were 8%, 4% and 9%, respectively) (Fuller et al., 1972) . Conversely, the synthesis of pyrimidine bases was far more difficult and necessitated the circumvention of the glycosidic linkage to succeed (Powner et al., 2009) .
So far, many difficulties for the prebiotic synthesis of nucleotides remain unsolved such as defining a prebiotic soup and synthesis route common to all nucleotides and the synthesis of low yield products. Moreover, the vast majority of prebiotic synthesis of nucleotides would yield an L-nucleotide, which is not biologically important and is not used in the synthesis of oligonucleotides (Orgel, 2004) . Previous attempts to produce prebiotic oligonucleotides using dry-heat cycles of nucleotide solutions were not successful and gave a mixture of 2', 5'-and 3', 5'-phosphodiester-linked products (Orgel, 2004) . Instead, additional attempts were focused on the use of activated nucleoside 5'-polyphosphates or nucleoside 5'-phosphorimidazolides but were also unsuccessful due to the slow reactivity of the precursors in aqueous solutions. However, the use of concentrated divalent ions (e.g., lead (Pb 2þ ), uranium dioxide (UO 2 2þ ), Mg 2þ and calcium (Ca 2þ ) ions) and specific minerals, such as the montmorillonite clay mineral, as catalysts significantly enhanced the oligomerization process (Kawamura & Ferris, 1994; Miyakawa & Ferris, 2003; Orgel, 2004) . Such minerals would be suitable to catalyze the highly regiospecific oligomerization reaction, where the activated nucleotides would be oriented due to their adsorption on the surface of the mineral (Ertem, 2004) . The oligomerization of adenosine 5'-phosphorimidazolide catalyzed by montmorillonite gave predominantly one enantiomer (3', 5'-phosphodiester-linked product). However, even when adsorbed on montmorillonite, the phosphorimidazolides of pyrimidine nucleosides yielded 2', 5'-oligomers in higher abundance than 3', 5'-oligomers. Other attempts succeeded to synthesize 3', 5'-linked oligomers using oligoadenylates that have been adsorbed on hydroxyapatite by the repetitive addition of activated monomers (Gibbs et al., 1980) . Another successful method used an activated derivative of adenylic acid containing 1-methyladenine instead of imidazole (Huang & Ferris, 2006) .
The discovery of other new minerals with better catalysis efficiency, especially for activated pyrimidine nucleosides, would be interesting and would reinforce the role of specific minerals in catalyzing the regiospecific synthesis of nucleotides. Similar to the situation of nucleotide synthesis, the prebiotic synthesis of oligonucleotides faces many difficulties due to the variability in the efficiency of purine vs pyrimidine oligomer synthesis and to the limited enantiospecificity of the montmorillonite-catalyzed oligomerization (Orgel, 2004) . In addition, the prebiotic origin of phosphorimidazolides is still questionable. Nevertheless, the relatively efficient oligomerization of activated oligonucleotides on clay minerals bring an indirect evidence supporting the prebiotic synthesis of oligonucleotides. The latter would become the cornerstone for the emergence of the non-enzymatic self-replication of RNA.
Under Earth's primitive conditions prebiotic sources of nucleotides would have been scarce, but were essential for the abiotic synthesis of oligonucleotides and the generation of ribozymes defined as RNA molecules with three-dimensional structures and catalytic activities similar to that of proteins. In addition to the increasing abundance of ribose and nucleotide bases during the prebiotic world, the activity of ribozymes would have laid a solid "playground" for the expansion of a "biotic" RNA-mediated synthesis of primitive nucleotide monomers (Orgel, 1998; Robertson & Joyce, 2012) . The biotic synthesis of nucleotide monomers, catalyzed by a newly generated ribozymes, would have been fundamental for the evolutionary shift from the abiotic to the biotic RNA world and was the "spark" for early evolution to occur. The reactions would resemble those found in modern metabolism, where pyrimidine and purine nucleotides are synthesized via the glycosidic linkage between phosphoribosyl 1-pyrophosphate (PRPP) and the convenient nucleobase. Previous studies (Ellington & Szostak, 1990; Robertson & Joyce, 1990; Lau & Unrau, 2009 ) demonstrated that ribozymes could promote spontaneous and distinct reactions and give support to the existence of an early RNA-mediated metabolism that might have developed, by evolutionary selection, important new functionalities, especially for ribonucleotide synthesis. Interestingly, using in vitro selection to rapidly evolving ribozymes, pyrimidine nucleotide synthase ribozyme was isolated and was shown to catalyze the formation of the glycosidic linkage between a base (4-thiouracil) and PRPP (Lau et al., 2004) , facilitating the formation of pyrimidine nucleotides.
Abiotic Synthesis of Amino Acids and Peptides
As for nucleotides and oligonucleotides, the prebiotic soup also contained the necessary compounds for the synthesis of amino acids and abiotic-peptides (peptides whose synthesis is not based on a genetic coding system). The same principles, such as the activation of precursor molecules, and the presence of condensation agents (e.g., metal ions, and minerals), as well as the same geochemical conditions, would have also contributed to the synthesis of amino acids and abiotic-peptides at the onset of life. In fact, it has been shown that many amino acids can be formed from hydrogen cyanide (HCN) and ammonia (NH 3 ) under the same conditions that allowed the formation of purine bases such as adenine (Holm & Neubeck, 2009) . For instance, the Strecker/cyanohydrin (based on the reaction of HCN, NH 3 , and imidazole-4-acetaldehyde) and the Fischer-Tropsch (based on the reaction of carbon monoxide, hydrogen and ammonia gases that is catalyzed by nickel-iron alloy or aluminum oxide) amino acid synthetic pathways were successful in synthesizing small amounts of amino acids such as histidine and arginine, respectively (Raggi et al., 2016) . However, these synthetic pathways necessitated the use of other conditions not relevant to the Earth's primitive environmental conditions.
Other experiments that simulated the Earth's early atmosphere were necessary to identify prebiotic amino acids. Accordingly, the famous Miller-Urey experiment (Miller, 1953; Miller & Urey, 1959) , in which the Earth's original atmosphere was simulated, showed the formation of many organic compounds, among which many amino acids. According to the original Miller-Urey experiment, the Earth's original atmosphere contained reducing molecules such as methane (CH 4 ) and ammonia (NH 3 ). However, by taking into consideration the abundant volcanic outgassing that occurred 4 billion years ago, the Earth's original atmosphere might have contained less reducing molecules than originally thought by Miller and Urey. Thus, more water, carbon dioxide (CO 2 ), nitrogen (N 2 ), hydrogen sulfide (H 2 S), and sulfur dioxide (SO 2 ) were released into the atmosphere (Green, 2011) with fewer amounts of carbon monoxide (CO) and hydrogen (H 2 ) (Zahnle et al., 2010) . More recent experiments that used these gases produced even more amino acids than the 20 amino acids used by the modern translation machinery (Parker et al., 2011) . More precisely, the generation of aromatic amino acids necessitates gaseous mixtures not rich in H 2 and available in volcanic atmospheres (Parker et al., 2011) . Furthermore, variants of the Miller-Urey experiment that took into consideration new insights on the Earth's primitive atmosphere were successful in synthesizing additional amino acids as well as purines, pyrimidines, and sugars (Bada, 2013; RuizMirazo et al., 2014) .
Some of the newly proposed simulations suggest the presence of up to 40 percent of hydrogen in the Earth's early atmosphere (Tian et al., 2005) due to the balance between the slow escape of H 2 that likely occurred at rates slower by two orders of magnitude than previously thought, and volcanic outgassing. The latter produced an accumulation of metallic iron, silicates and iron sulfides that along with the presence of high amounts of H 2 conferred a profoundly reducing atmosphere favorable to the formation of many organic molecules. Accordingly, Tian et al. re-established the importance of the Miller-Urey experiment in forming the building blocks of Earth's organic material.
Impact degassing caused by meteorites impacting the Earth is another element that contributed in shaping Earth's primitive atmosphere and might have introduced some of the organic materials that have contributed to the formation of amino acids (Zahnle et al., 2010) . Several simulation models (Hashimoto et al., 2007; of atmosphere transformation caused by meteorite impacts À and more specifically by the stochastic flux of meteoritic iron À agree on a much more reduced primitive atmosphere than modern volcanic gases can shape. The reduced CO-rich atmosphere would result from the equilibration of gases of the Earth's earliest atmosphere with materials and gases found in primitive meteorites (Zahnle et al., 2010) . Consequently, several pieces of evidence are in accordance with a more reduced primitive atmosphere that was shaped by many meteorite impacts and volcanic events, breaking ground for the appearance of many prebiotic amino acids.
On the other hand, attempts to synthesize abiotic-peptides faced many difficulties, since spontaneous thermal condensation of amino acids was completely inefficient (Kawamura, 2014) . However, the activation of amino acids or usage of condensation agents such as minerals (i.e., Clay minerals) or metal ions (i.e., Cu(II)) in an aqueous medium allowed the formation of di-and tri-peptides with better yields under a salt-induced peptide formation reaction (SIPF) (Rode, 1999) . SIPF reactions are considered to occur in aqueous solutions with high concentrations of NaCl (above 3M) and in the presence of amino acids and small amounts of divalent cations such as Cu(II). The combination of SIPF and clay mineral catalysis showed to be plausible under the same Earth's primitive conditions, which allowed the synthesis of even longer peptides (Rode, 1999) . Another proposal for the synthesis of abiotic-peptides exploits hydrothermal conditions found in ecosystems present near submarine hydrothermal vent systems in deep oceans (Yanagawa & Kojima, 1985) . This reaction named "hydrothermal synthesis of abioticpeptides" was relatively successful in synthesizing, with a poor yield (0.1 to 1%), 5 to 7-mer long abiotic-peptides using glycine monomers (Imai et al., 1999) . However, the use of 4 to 5-mer abiotic-peptides as precursor molecules for peptide elongation increased by 100 fold the maximum elongation yield, thus leading to the formation of 20-mer long abioticpeptides (Kawamura & Shimahashi, 2008) . Moreover, the addition of naturally occurring carbonate minerals (Kawamura et al., 2011) such as calcite and dolomite or the addition of carbonyl sulfide (COS) (Leman et al., 2004) enhanced the elongation process of abiotic-peptides. Even though the hydrothermal synthesis of abiotic-peptides was able to form long abiotic-peptides with better yields, its success was limited by the use of specific amino acids (i.e., glycine). This is true for other previously proposed scenarios for the synthesis of abiotic-peptides (Rode, 1999) . On the other hand, SIPF reactions have been shown to be universally applicable and showed the formation of peptides from all amino acids (Rode, 1999) .
Finally, one drawback of the abiotic synthesis of peptides is its limiting ability to form high molecular weight polypeptides (proteins) with complex functions. Accordingly, it is assumed that the formation of such proteins was delayed until the appearance of the translation machinery, and the establishment of a genetic coding system (Wolf & Koonin, 2007) . Nonetheless, similarly to short RNA oligomers, short oligopeptides could have played an important role at the onset of life. During the last 30 years, scientists have revealed the maintenance of this role in modern life forms, and revealed the functional importance of short RNA (e.g., miRNA) (Vidigal & Ventura, 2015) , and short oligopeptides in regulating several important cellular functions (Andrews & Rothnagel, 2014; Ferro et al., 2014) . In the following paragraphs, I will discuss the role of RNA oligomers, amino acids, and oligopeptides as well as their interactivity in the emergence of the ribonucleopeptide world. Based on this interactivity, I propose two hypotheses for the emergence of a PTM that would exponentially enhance the efficiency of peptide and long oligopeptide (protein) synthesis prior to the appearance of a genetic coding system.
Appearance of Replicating Systems and the Generation of Ribozymes
Despite its suspected importance in generating the first RNA oligonucleotides and probably the first ribozymes, abiotic synthesis and replication of oligonucleotides was probably inefficient and would not have supported Darwinian evolution (Schrum et al., 2010) . Due to the instability of the Earth's primitive Co-evolution of RNA, amino acids and peptideatmosphere (e.g., temperature and humidity fluctuations), the insufficiency of the prebiotic sources of nucleotides and the obstacles found in their condensation (Robertson & Joyce, 2012) , the nonenzymatic synthesis and replication of oligonucleotides would have been sporadic and inefficient, limiting the diversification of oligonucleotide sequences. However, it may have been a slow transition stage between the abiotic synthesis of nucleotides and the biotic (ribozyme-catalyzed) synthesis and replication of primitive oligonucleotides (Prywes et al., 2016) . This ribozyme-catalyzed replication scheme would rely on an RNA ligase to catalyze the ligation of short 3', 5'-linked oligonucleotides that have started to accumulate around catalytic niches such as clay minerals and hydrothermal vents (Eigen et al., 1988; Kim & Joyce, 2004; Lincoln & Joyce, 2009; Robertson & Joyce, 2012) and would be more plausible to drive Darwinian evolution. The ligase reaction has been proven to be plausible due to the successful isolation of new ribozymes from a large pool of random sequences that perform ribozyme-assisted reactions of template-directed ligation of short oligonucleotides (James & Ellington, 1999) . Despite the confidence in this scheme, obtaining the substrates for this reaction remains a hard mission. Additionally, the fidelity of replication would have also been difficult to maintain. Over time, this fidelity has been gained by a biased evolution of certain polymers that developed catalytic activities with high efficiency and accuracy in replicating themselves. More importantly, this reaction must have a competent rate to exceed the decomposition of "parent" RNA, thus producing usable "progeny" RNA molecules. Finally, the association between the regiospecific oligomerization of activated nucleotides catalyzed by some variety of montmorillonite mineral to form spontaneously 3',5'-linked oligonucleotides, and the remarkable 3', 5'-regiospecific ligation of 5' triphosphate oligonucleotides, in the presence of a complementary template, would present a plausible replication scheme (Ferris, 2006) .
Biotic RNA replication must have triggered the first genetic takeover (Fig. 1) , and thus, became a cornerstone for the evolution of early life. It might have allowed the appearance of the first RNA genomes and the synthesis of numerous ribozymes with different enzymatic activities. It might have also led to the emergence of new biosynthetic pathways (see the paragraph describing the two hypothesis for the emergence of the first PTMs and the first RNA-encoded polypeptides) for the biotic synthesis of peptides and polypeptides that predated the appearance of a genetic code. So far, it is still unclear whether RNA replication could have been assisted by other co-factors such as amino acids or peptides. Recent evidence pointing towards the possible co-evolution of RNA and peptides, showed that oligoarginine peptides enhance RNA replication by drastically slowing the re-annealing of complementary oligoribonucleotides (Jia et al., 2016) . In the following paragraph, I will discuss the co-existence of RNA and peptides and propose advantages of their interactivity.
Ribonucleopeptides at the Origin of Life?
The discovery of ribozymes (catalytic and self-cleaving RNAs) made a turning point in the conceptual idea of RNA as a unique messenger molecule and gave it a catalytic aspect.
The discovery of the autocatalytic activity of the Tetrahymena rRNA intron (Kruger et al., 1982; Bartel et al., 1991) and the ribozyme nature of RNase P (Guerrier-Takada et al., 1983) are clear examples. Suddenly, the idea that RNA was the holder of the first replicating systems became extremely attractive, leading to the concept that RNA not only holds genetic information, but could also be the "enzyme" that replicates it. This idea led to the formulation of the term "RNA world", and became the almost universally accepted hypothesis regarding the early stages of life and evolution on Earth (Joyce, 2002; Orgel, 2003 Orgel, , 2004 . However, several problems associated with the RNA world hypothesis emerged (Bernhardt, 2012; Blain & Szostak, 2014) . The first disagreement came with the argument that the RNA polymer is too complex to have arisen from abiotic synthesis. In the paragraph discussing the abiotic synthesis of nucleotides and oligonucleotides, the difficulties regarding the abiotic synthesis were evoked and solutions to overcome these difficulties were proposed. The general idea is leaning toward the assumption that the generation and accumulation of precursor molecules preceded abiotic RNA synthesis and was necessary to establish an adequate prebiotic soup for the emergence of RNA and even peptide polymers. Some of these precursors (i.e., amino acids) could have acted as co-factors for the abiotic and biotic synthesis of RNA (van der Gulik & Speijer, 2015; Jia et al., 2016) . The instability of RNA is another disagreement to the RNA world hypothesis. The maintenance of a stable tertiary structure (folding) and efficient catalytic activity (for ribozymes) are intricately dependent on temperature, pH and presence of metal ions such as Mg 2þ . Changes in these physicochemical parameters would destabilize RNA structure and reduce or inhibit its catalytic activity. The formation of double stranded RNA (dsRNA) and the association of single stranded RNA (ssRNA) with co-factors such as other metal ions, amino acids or other biomolecules could have increased the stability of RNA. The limited catalytic repertoire of RNA, generally represented by phosphoryl transfer reactions, would also impede the acceptance of the RNA world hypothesis as an explanation of the early evolution of life.
Recently, increasing evidence suggests that even at the early stages of the evolution of life, the functions of ribozymes would have been probably assisted by whatever randomly assembled peptides and other molecules present in their environment (Kawamura, 2014; Bowman et al., 2015; Poole et al., 2016 ). An example of this is the suggested gradual addition of ribosomal proteins to ribosomal RNAs (Fox, 2010) . It is, thus, possible that during the first genetic takeover (Fig. 1) , ribosomal RNAs started to interact, first, with small amino acids or peptides, which enhanced the stability, efficiency, and specificity of the primitive ribosome. At a later stage in evolution, genetically encoded proteins may have replaced these peptides. Therefore, the strict conservation of ribosomal proteins and their ubiquitous presence in all three domains of life reflect their important contribution in the maintenance of ribosomal structure and function. Accordingly, other ribonucleoproteins (RNPs) such as the spliceosome and the RNase P could have faced the same evolutionary fate. In general, most ribozymes have limited catalytic resources and do not present any evidence of significant complexity (Lilley, 2003; Bernhardt, 2012) . The interaction between peptides and ribozymes could have existed early in evolution (during the first genetic takeover) and effectively contributed to the increase in ribozymes' catalytic diversity, conferring new functions to ribozymes and accelerating the evolutionary process (Atsumi et al., 2001; de Farias et al., 2016) .
Activated amino acids and peptides might have interacted with RNA molecules and possibly acted as co-factors for RNA replication and RNA-based catalytic reactions; thereby enhancing RNA stability, replication fitness and ribozyme catalysis. Moreover, the interaction between amino acids or peptides and RNA genomes might have contributed to the increase in RNA genome size by functioning as the first RNA chaperones that conferred more stability to the RNA genome and more fidelity in copying its genetic information. It can therefore be assumed that, by the end of the first genetic takeover, directed evolution, caused by the interactivity between ribozymes and randomly assembled peptides, forced the appearance of a system responsible for directing the reproducible synthesis of specific peptides (Fig. 1) (Taylor, 2006; Wolf & Koonin, 2007) . At this point, ribozymes could have started working as RNPep and RNP enzymes, and the mechanism of translating the information from RNA to protein could have appeared, thereby forcing the emergence of the second genetic takeover where, at a later stage, DNA would become the holder of genetic information (Fig. 1) . One might hypothesize that, by the end of the first genetic takeover, RNAs, RNPeps, and to a slight extent RNPs, could have co-existed and co-evolved, and it is only after the second genetic takeover that RNPs became dominant. These RNPs evolved to become the actual RNPs that we know, such as the ribosome, the spliceosome, and the ribonuclease P (RNase P) that catalyzes the maturation of tRNA's 5' extremity.
Interestingly, chimeric ribozymes or RNPeps may have been "relics" of the modern translation machinery that catalyzed the appearance of proteins. The latter could have evolved to become the modern ribonucleotide reductase (RNR) (Benner et al., 1989 ) that catalyzed the appearance of DNA (Fig. 2) . One example supporting the RNPep world hypothesis is the existence of the T box riboswitch that reflects the expanding function of RNA beyond its sequence when it communicates through structural specificity with its cognate tRNA (Yousef et al., 2003; Saad et al., 2012) . Interestingly, the T box riboswitch is a leader RNA that harbors a codon sequence by which it specifically recognizes its cognate tRNA to regulate gene expression through transcription attenuation (Henkin, 2014) and translation initiation inhibition (Sherwood et al., 2015) . Therefore, during the RNPep world, one might assume that the T box riboswitch could be a relic of the first RNPep ribozymes capable of aminoacylating bound tRNAs. Moreover, it has been shown that a T box riboswitch can bind an aminoacylated tRNA (Grundy et al., 2005) , and that the apex of the T box riboswitch Stem I has striking structural homology with the L1 stalk of the bacterial 23S rRNA that encompasses the ribosomal peptidyl transferase activity (Lehmann et al., 2013) . Accordingly, the primitive function of the T box riboswitch could have evolved to encompass both the function of tRNA aminoacylation and formation of peptide bonds, and become a relic of a PTM.
Another observation favoring the RNPep presence during molecular evolution is the reaction that occurs in the active site of the ribonucleotide reductase, where an amino acid Fig. 1 . Genetic takeovers during the evolution of life: an evolution from the dominance of RNA and peptides to that of proteins and ribonucleoproteins (RNPs). A genetic takeover is defined by the replacement of an older genotypic representation by a newer one in the context of an evolving phenotype. Two genetic takeovers could have marked the evolution of life: the first one was the switch from a pre-biotic world, in which pre-RNA polymers such as oligonucleotides and small ribozymes (catalytic RNA) and pre-peptide polymers such as small oligopeptides were formed, to an RNA (long RNA sequences and more complex ribozymes) and peptide (bigger oligopeptides and ribonucleopeptides) world in which RNA was the holder of genetic information. Thus, the appearance of the first genetic takeover is caused by all the events described in earlier paragraphs. During this period, RNAs evolved to become ribonucleopeptides (RNPeps). The second genetic takeover was the entrance into a world in which DNA became the holder of genetic information, and in which catalysis became mainly performed by proteins and RNPs. The appearance of the latter could have facilitated the emergence of the second genetic takeover.
Co-evolution of RNA, amino acids and peptideresidue specifically protonates the 2'-OH group per se, which becomes a reasonable leaving group (Hogenkamp, 1983) . The feature of the universal modern RNR reaction lies within the involvement of stable, activated amino acids, such as redoxactive cysteines, thiyl radicals, and thiol redox proteins of the thioredoxin superfamily (Holmgren & Sengupta, 2010) . In addition, this reaction is assisted by cobalamin or vitamin B12 coenzymes. In addition to cofactor groups of coenzymes, metal ions including manganese (Mn 2þ ), iron (Fe 2þ ), cobalt (Co 2þ ), Mg 2þ , and Ca 2þ can also have a key role in the enzymatic production of DNA precursors. Interestingly, these metal ions, as well as free radicals, are also thought to be found in the prebiotic soup (Hong Enriquez & Do, 2012) . The presence of RNPep is also favored by the fact that deoxyribonucleotides could not arise directly under prebiotic conditions. Their formation from ribonucleotides is the only chemically sensible alternative (Follmann, 2004) . If these primitive RNR really existed, then they would be essential for the emergence of DNA (Fig. 2) , which led to the establishment of the current RNA/DNA/protein world (Altman, 2013) . In this world, RNA components of RNP enzymes showed, in some cases, no evidence of fading out but instead they have elaborated new functions (Cech, 2009) . In other cases, the ribonucleotide enzyme of RNR could have been replaced, after the appearance of translation, by protein enzymes. This replacement might have occurred via a "deletion-replacement" process in which the deletion of the ribonucleotide enzyme enforces a pressure for the emergence of a protein enzyme with similar functions (Benner et al., 1989) . This leads to the same suggestion by Bohler et al. (1995) indicating that a transition between different genetic systems can occur without loss of information.
5.1 Two hypotheses for the emergence of the first primitive translation machineries (PTMs) and the first RNA-encoded polypeptides The presence of other examples of RNPep is also supported by new investigations pointing to the possibility that ribozymes, proteins, and lipids could have arisen simultaneously through common chemistry in a proto-metabolism environment (Patel et al., 2015) . In this environment, and due to the above mentioned reasons, genetic systems supporting RNPep emergence would have been the most fitted systems that could have sustained life. For most ribozymes, the substrate is RNA, which fits well with using them as the source for RNA replicase and RNA-dependent RNA polymerase models at the beginning of the first genetic takeover. During this period, ribozymes have evolved enough to form well-defined entities with specific catalytic activities. The latter were probably assisted by amino acids or nucleotide-activated amino acids that took their place as "co-factors" or substrates for the ribozyme world. As substrates, the activated amino acids were anchored or "aminoacylated" onto new RNAs or ribozymes, hence creating the first ribozymes with aminoacylation (amino acid attachment in Trans where one RNA attaches an amino acid onto a second RNA) or auto-aminoacylation activity (amino acid attachment in Cis where the same RNA attaches an activated amino acids to its structure) (Taylor, 2006; Wolf & Koonin, 2007) (Table 1 ). In addition, these ribozymes or RNPeps would have developed peptidyl-transferase activities allowing the formation of peptide bonds between the activated amino acids. It could be assumed that by the end of the first genetic takeover (Fig. 1) , structurally different RNPeps with tRNA aminoacylation and peptidyl-transferase activities could have existed. Table 1 lists several in vitroselected ribozymes with aminoacylation and peptidyltransferase activities. As stated above, these ribozymes could have been assisted by activated amino acids or whatever randomly assembled peptides present in their environment (Kawamura, 2014; Bowman et al., 2015; Poole et al., 2016) . In the following paragraphs, I propose two hypotheses for a PTM that might have been formed of either a T box ribozyme or a ribopolymerase. Both PTM models are nonetheless different from the modern PTM.
5.2 A primitive T box riboswitch functioning as an aminoacyl-tRNA synthetase and a peptidyl-transferase ribozyme Other ribozymes or RNPeps might have developed the capacity to form peptide bonds, and therefore became a base for the emergence of the translation machinery (Table 1) . A first model of such RNPep ribozyme is the primitive T box riboswitch, which does not fit the above mentioned ribozyme models. During the first genetic takeover, the primitive T box riboswitch could have functioned as a non-template-based model platform for the synthesis of polypeptides (PTM) by binding tRNA. With this function, the primitive T box riboswitch would replace the ineffective abiotic synthesis of peptides and allow the synthesis of high molecular weight peptides possessing new complex functions. Previous evidence showed that a T box riboswitch can bind an aminoacylated tRNA without inducing gene expression (Grundy et al., 2005) , and that some T box riboswitches can specifically recognize up to two tRNA molecules (Gutierrez-Preciado et al., 2009; Saad et al., 2013) . It is then possible that in a primitive RNPep world, where tRNA minihelices-with primitive stem loop structures, and with reduced structural hindrance in comparison to modern tRNA-are aminoacylated (Martinis & Schimmel, 1992; Root-Bernstein et al., 2016) , the T box riboswitch could then fit two aminoacylated tRNA minihelices that under the correct positional orientation allows the formation of a peptide bond between the two attached amino acids. Previous RNA selection experiments isolated ribozymes capable of catalyzing amino acid/peptide-RNA (flexizymes: Goto & Suga, 2009) or amino acid-amino acid binding (peptidyl-transferase ribozyme: Zhang & Cech, 1998) . Similarly, the primitive T box riboswitch could have been used as a platform for the attachment of an aminoacyl-AMP on the bound tRNA by functioning as a primitive aminoacyl-tRNA synthetase T box ribozyme (Figs. 3A, 3B ). Subsequently, aminoacyl-AMP molecules could have been generated within the primitive T box ribozyme close to an ATP-and an amino acid-binding bulges or loop structures (Fig. 3A) . Such ATPbinding domains have been previously isolated through an in vitro selection method (Sassanfar & Szostak, 1993) , and might have existed as part of the primitive T box riboswitch. Moreover, amino acid-binding RNA structures (e.g., aptamer domain of the lysine or glycine riboswitch) have also been previously reported and were extensively studied for their function in controlling gene expression (Serganov & Nudler, 2013) . Alternatively, aminoacyl-attachment on the CCA 3'end of a tRNA minihelix could have occurred through the close presence of an aminoacyl phosphate group attached to the 5' end of a second tRNA minihelix bound to the aminoacyl-tRNA synthetase T box ribozyme (Fig. 3B) . In fact, it has been previously shown that an aminoacyl phosphate group attached to a 5' end of an oligonucleotide was successful to Self-aminoacylation Self-aminoacylation of a 43-nucleotide ribozyme with phenylalanine, using Phe-AMP as substrate. A 77-nucleotide RNA catalyzes the same reaction with a specificity and aminoacylation rate greater than those of PheRS. (Illangasekare & Yarus, 1999a) RNA 3'-aminoacylation In-trans The smallest ribozyme capable of non-specific tRNA aminoacylation consists of 5 nucleotides. A 45-nucleotide ribozyme has been obtained with a broad spectrum of activity toward diverse tRNA and amino acids. Larger ribozymes with highly specific and efficient aminoacylation activity have been also reported. (Murakami et al., 2003; Turk et al., 2010) In vitro-selected peptidyl-transferase ribozymes Several ribozymes have been selected to form dipeptides from an amino acid esterified to AMP or from an oligonucleotide and a free amino acid. Structural similarity has been observed between peptidyl-transferase ribozymes and the relevant portion of 23S rRNA. Formation of Phe-Phe-tRNA has been reported for the 29-nucleotide aminoacylating ribozyme. (Illangasekare & Yarus, 1999b) Co-evolution of RNA, amino acids and peptide Fig. 3 . Schematic representation of a primitive T box riboswitch functioning as an aminoacyl-tRNA synthetase and a peptidyltransferase ribozyme. A, A primitive T box riboswitch harbors an ATP-binding domain that binds ATP (adenosine triphosphate), which with its triphosphate group allows the formation of an aminoacyl-AMP intermediate. The amino acid residue could be contained within an amino acid-binding domain, which helps to maintain the amino acid into close proximity to the ATP residue, allowing a more efficient synthesis of the aminoacyl-AMP intermediate. Due to the low stability of the aminoacyl-AMP, the proximity of the 3'OH of the tRNA minihelix allows the transfer of the aminoacyl residue to the 3'end of the tRNA minihelix. B, A primitive T box riboswitch accommodates two tRNA minihelices, one of which is attaching an aminoacyl phosphate group to its 5' end. The transfer of the aminoacyl residue to the 3'OH of the 3' end of the first tRNA minihelix occurs upon the attack of the 3'OH onto the aminoacyl phosphate group of the second tRNA minihelix. C, A primitive T box riboswitch accommodates two aminoacyl-tRNA minihelices that were released from the aminoacyl-tRNA synthetase T box ribozyme. The a-amino group of the first aminoacyl-tRNA minihelix forms hydrogen bonds with a close adenosine residue and then attacks the carbonyl carbon of the second aminoacyl-or peptidyl-tRNA minihelix, initiating a proton shuttle reaction that ultimately leads to the production of a new, one amino acid longer peptidyl-tRNA minihelix and a deacylated tRNA minihelix (Beringer & Rodnina, 2007) . Some of the peptidyl-tRNA minihelices might detach from the T box ribozyme and become sensitive to hydrolysis releasing the peptide chain from the tRNA minihelix. D, Schematic representation of the elongation process of a peptide chain executed by a primitive peptidyl-transferase T box ribozyme. The elongation of the peptide chain beyond the dipeptide begins when a new aminoacyltRNA minihelix takes the place of the deacylated tRNA minihelix.
aminoacylate a proximal CCA sequence at the 3 0 end of a minihelix (Tamura & Schimmel, 2004) .
In this primitive T box ribozyme-based translation machinery, the aminoacylation reaction does not have any specificity, and any amino acid can be attached to any tRNA minihelix. In later evolutionary stages, the T box riboswitch would develop a specificity for the tRNA but not for the amino acid [each T box riboswitch becomes specific to one tRNA, Liu et al. (2015) . Under certain conditions, the T box riboswitch conserved a relaxed specificity by recognizing more than one tRNA (Saad et al., 2013) ] and become the modern T box riboswitch that we know. This could have created an evolutionary pressure forcing the T box riboswitch to lose its primitive tRNA aminoacylation function. The latter would have been acquired by the aminoacyl-tRNA synthetase (protein enzyme with tRNA aminoacylation activity) at the beginning of the second genetic takeover (Fig. 1) . On the other hand, the primitive T box riboswitch could have been used as a platform for the synthesis of polypeptides by functioning as a peptidyltransferase T box ribozyme (Fig. 3C ). This suggestion could be supported by the recent observation showing that the apex of the T box riboswitch Stem I has striking structural homology with the L1 stalk of the bacterial 23S rRNA (Lehmann et al., 2013) . Therefore, one could predict that structural similarities could also reflect functional similarities such as the peptidyl-transferase activity. Accordingly, an adenosine residue within the T box ribozyme and proximal to the a-amino group of an aminoacyl-tRNA minihelix could function as the active adenosine found within the ribosomal peptidyl-transferase by facilitating peptide bond formation with a proximal aminoacyl residue attached to another tRNA minihelix. As a result, a new, one amino acid longer peptidyltRNA minihelix and a deacylated tRNA minihelix are produced. The elongation of the peptide chain beyond the dipeptide begins when a new aminoacyl-tRNA minihelix takes the place of the deacylated tRNA minihelix (Fig. 3D ). Due to its sensitivity to hydrolysis, the new aminoacyl-tRNA minihelix must be synthesized in proximity to the active peptidyltransferase T box ribozyme in order to participate in the peptide elongation process. None of the actually characterized T box riboswitches show tRNA aminoacylation activity nor peptidyl-transferase activity. Therefore, designing a T box riboswitch RNA capable of binding a tRNA minihelix and an ATP molecule (Fig. 3A) , or two tRNA minihelices (Fig. 3B )-with one tRNA minihelix attaching to its 5' end an aminoacyl phosphate group-and testing its capacity to function as an aminoacyl-tRNA and a peptidyl-transferase T box ribozyme would give a solid proof of the feasibility of the proposed mechanisms of polypeptide synthesis using the primitive T box ribozyme-based translation machinery.
A ribopolymerase functioning through a transcriptionassisted translation mechanism
The evolution of early replication systems ultimately gave rise to double-stranded RNA (dsRNA) that formed the first RNA genome, holder of a genetic information. The latter was decoded, for the first time, through the evolution of "transcription" systems generating single stranded RNA (ssRNA). It can be assumed, therefore, that RNA genomes became a prerequisite to increase the diversity in ssRNA pools and to generate the first catalytic RNA. Biotic replication would have already contributed to the generation of a diverse pool of ribozymes among which are RNA ligases (see the paragraph on the appearance of replicating systems and the generation of ribozymes), replicases (ribozymes that catalyze RNA replication) and RNA-dependent RNA polymerases. These polymerases would have accelerated the transcription process by catalyzing the synthesis of ssRNA from dsRNA. Combining the replication of short RNA genomic elements with the transcription of ssRNA would establish a system allowing the simultaneous expression of metabolic ribozymes and the replication of genomic RNA. It is very likely that this system would have evolved under the ubiquitous presence of amino acids leading to the appearance of ribopolymerases (RNA-dependent RNA polymerases with aminoacylation activities).
Under Darwinian mechanisms of evolution, and given the assumption of a transition from RNA to RNPep to RNP to protein, the presence of a ribopolymerase as a relic of a PTM would be plausible by the end of the first genetic takeover (Fig. 1) . At this stage, after getting through many transitional forms, ribopolymerases have probably reached a certain degree of complexity, where they were presumably capable of binding a template, a substrate (e.g., a nucleotide monomer or an activated amino acid) and a transcript or an aminoacylated RNA product. By the beginning of the second genetic takeover, ribopolymerases presumably ended by forming the first polypeptides ( Fig. 1) (Li et al., 2013; Carter, 2015) . This ribopolymerase would work as a chimeric dimer that performs three major reactions. The first reaction would be the synthesis of a transcript, the second would be the base pairing of an aminoacyl-RNA, generated by the first subunit, to the RNA template of the second subunit, and the third would be peptide bond formation (Fig. 4) . The aminoacyl-RNA is formed when an activated amino acid enters the active site of the ribopolymerase and attaches to the 3' end of the nascent transcript, thus blocking its synthesis (Fig. 4A) . Before its attachment to the nascent transcript, this amino acid could associate with a trinucleotide sequence of the RNA template, located in the active site. This could be consistent with the codon-correspondence hypothesis, which implies that the association between an amino acid and a trinucleotide was at the origin of the genetic code (Knight et al., 2013) . Peptide bond formation could occur in a progressive manner in which the first aminoacyl-RNA translocates into the P-site of the first subunit. The movement of the first ribopolymerase subunit along its template allows the translocation of the aminoacyl-RNA into the P-site. Base pairing to the RNA template of the second subunit would work as an anchor for the translocated aminoacyl-RNA. The movement of the second ribopolymerase subunit along its template would detach the first base paired aminoacyl-RNA, allowing the progression of the first subunit along its template and the generation of a new transcript. In this case, another amino acid would attach to the nascent transcript, forming a second aminoacyl-RNA in the A-site. On the other hand, some aminoacyl-RNA that translocates into the A-site could be formed by other means, such as a primitive T box riboswitch or ribozyme catalyzing auto-aminoacylation reactions. As a final step, a peptide bond would form between the two amino acids before the exit of the first Fig. 4 . Schematic representation of ribopolymerases and the mechanism of transcription-assisted translation performed by the hybrid polymerase/ribosome dimer. A, Transcription reaction by the ribopolymerase. This ribozyme is capable of interacting with more than one molecule. It assembles a template, a nucleotide monomer (not seen on the figure) and a nascent transcript. The transcription reaction could be blocked by an amino acid (black bead) if the latter could reach the active site (A-site). In order to block the transcription, this amino acid would create a bond with the 3' end of the nascent transcript, inhibiting the addition of new activated nucleotides. B, Transcription-assisted synthesis of a polypeptide chain. This mechanism may represent the relic of the modern translation machinery operated by a ribonucleoprotein, the ribosome. A blocked aminoacyl-RNA, present in the A-site could base pair with the template of another ribopolymerase. As transcription still proceeds, movement of the ribopolymerase subunit, in the direction of the red arrow, could take out the base paired aminoacyl-RNA from the A-site and leave it in the P-site (A-and P-sites of the ribopolymerase are equivalent to the A-and P-sites of the modern ribosome). Thus, the first ribopolymerase could become active again, and the same situation as in "A" could happen. In the last step, two close amino acids could create a peptide bond and again, the movement of the ribopolymerase subunit could release the first blocked RNA from the P-site, and the second peptidyl-RNA could then translocate to the P-site. The growing polypeptide chain is shown as string of beads.
nascent RNA from the P-site (Fig. 4B) . The peptidyl-RNA would then translocate to the P-site and another round of peptide bond formation would occur. The elongation of the peptide chain would continue until the transcription of the whole RNA template. Finally, since ribopolymerases were presumably capable of binding a template (RNA transcript in this case), they allowed the first decoding of genetic information from RNA to peptides, and thus they presumably became more advantageous than the primitive T box riboswitch.
Conclusion
This review proposes realistic hypotheses that emphasize the key roles that both RNA and peptides played in the emergence of life on Earth. Indeed, investigating the identity of the first biomolecule that has emerged, and the geochemical conditions that favored its appearance may give abundant insights, and may help identify all the conditions and factors necessary for the emergence of life. Subsequently, an application of these findings would be to help select the most fitted Earth-like planets to harbor life. Depending on the Earth's primitive atmosphere, and its prebiotic geochemical environment, amino acids and peptides could have been the first biomolecules to emerge (Rode, 1999; Bernhardt, 2012) . However, the evolution of life would not have occurred without the emergence of nucleic acids, and more precisely ribonucleic acids, since they allowed Darwinian evolution and selection with their unique property of self-replication. Nonetheless, it is highly probable that the combination of RNA and amino acids/peptides, and later proteins, paved the way for an exponential leap in the evolution and development of life on Earth.
By itself, the evolution of the RNA world would have reached a cutoff because of the limited enzymatic functions of RNA. Inevitably, the peptide world would have faced the same consequence because of its inability to store genetic information and to self-replicate. Moreover, self-replicating protocells solely based on RNA and ribozymes could have existed, but they were most likely bypassed by more diverse and best-fitted protocells encompassing RNA, ribozymes, DNA, amino acids, peptides and lipids (Chatterjee, 2016) . This implies that to decipher the mechanisms and conditions by which life has evolved, more experiments need to focus on determining which of the components of the Earth's primitive atmosphere and its geochemical environment played a key role in the formation of both prebiotic RNA and peptides. An encouraging example of this was done by Patel et al. discussing the possible role of the reductive homologation of HCN and some of its derivatives in generating the precursors for ribonucleotides, amino acids and lipids (Patel et al., 2015) .
Finally, based on what have been previously discussed and proposed, experiments demonstrating the enhancement of ribozyme catalytic activity by amino acids and peptides may offer some insight on the importance of this interactivity in shaping complex RNPeps. In addition, these experiments may give more insights into the processes that contributed in generating the chemical environment leading to the emergence of these complex RNPeps.
